The Maracaibo Lake, Venezuela, is an important petroleum extraction region and besides it is a source of constant pollution. However, the early detection of the oil leakages minimizes the environment impact. In 2003 an UAV for the special mission of patrolling that region in search for oil leakages was designed. The purpose of this research is to optimize the aerodynamic characteristics of the initial design. The general methodology was to evaluate the drag coefficient and the lift coefficient of the design by theoretical, and experimental ways, making modifications in critical parts, such as the landing gear and wing tips, and later to evaluate whether these modifications actually improved the aerodynamic efficiency. The experimental study consists of several tests in a small wind tunnel, using 1:20.2 scale models. Polar curves of design and later modifications were traced, obtaining the aerodynamic efficiency for cruise flight is better in the last optimized version than in the original design. Finally, it is possible to conclude that with a few modifications over a design, the aerodynamic performance of an aircraft can be changed and these may be studied using simple tools.
Nomenclature

A
= reference area A 1 = reference area 1 A 2 = reference area 2 A f1 = lateral area of the fuselage up and down of the wing A f2 = frontal area of the fuselage c = camber of the airfoil C D = drag coefficient of the airplane C Dcs = drag coefficient due to secondary components C Df = drag coefficient of the fuselage C Dh = profile drag coefficient of the horizontal tail C Di = induced drag coefficient C Dint = drag coefficient due to interaction C Dint cs = drag coefficient due to interaction between secondary components C Dp = profile drag coefficient of the airplane C Dpw = profile drag coefficient of the wing C Dv = profile drag coefficient of the vertical tail C Dw = drag coefficient of the wing C f = friction coefficient = platform contribution to the induced drag factor Ω = total twist, geometric plus aerodynamic Ω opt = optimum total twist to minimize induced drag
I. Introduction
INCE the second decade of the twentieth century, petroleum has been exploited in the Lake Maracaibo basin in Venezuela. Over the years, the continuous oil leakages from offshore facilities, and transporting pipelines has deteriorated the delicate ecosystem of this region. For this reason, Petroleos de Venezuela, S.A. carries out daily manned helicopter flights over this area in search of possible petroleum leakages, in order to take early measures to prevent disasters.
Looking for more economical alternatives with regard to operation and maintenance costs, which would additionally permit the surveillance of this area during day and night, as well as through adverse climatic conditions for manned aircrafts, in the year 2002 the design of a small monoplane unmanned aircraft, capable of accomplishing this mission, was initiated as a joint project of the Universidad Nacional Experimental de la Fuerza Armada (UNEFA,) and Universidad Simón Bolívar (USB). The preliminary design was finished in May 2003, using a design methodology based on analytical and statistical estimates and calculations. 1 The design of the Unmanned Aircraft for Ecological Conservation (ANCE, for its Spanish acronym,) has a monoplane twin-boon pusher configuration. Powered by a twin-blade propeller of 0.915 m coupled to a linear arranged two-piston motor, two strokes, air cooled, with 26 kW maximum power at 3500 rpm, and using 92 octane gasoline. The estimated gross weight is 182 kg, with a payload of 40 kg which it is believed will consist of infrared equipment capable of detecting pollutant substances on the water surface. The length of the airplane is 4.65 m; its wingspan is 5.18 m, with a straight rectangular wing of 2.89 m 2 of surface formed by a NACA 4415 lifting section. Figure 1 shows the sketch of ANCE. It is expected that it will have a cruise speed of 46.77 m/s, with a stall speed of 28.66 m/s at sea level, and a service ceiling of 3600 m, and that it would be capable of remaining up to 11 hours in flight. Due to the fact that the area where the plain is expected to operate is a lake, and that it is surrounded by level ground, it is expected that it will be capable of taking off from roughly prepared airstrips of approximately 377 m, and to land on approximately 428 m, by means of its fixed tricycle landing gear. See Ref. 2 for more complete information.
As part of the design process of this UAV, after the first sketch was finished, it was deemed necessary to study thoroughly the aerodynamic characteristics of the design using methods more in line with reality, seeking to improve as far as possible these characteristics, in order to make the design aerodynamically more efficient. Therefore, the purpose of this investigation is to optimize the aerodynamic characteristics for cruise flight of the initial design, S using analytical, experimental and numerical tools. This work shows step by step the optimization process and methods used to determine the improvement degree of each one.
II. Aerodynamic Forces
It is a well known fact that an airplane in straight and leveled flight is subjected to four basic forces that make it keep its balance. Initially there is the weight, originated by the attraction between the aircraft mass and the ground, and it must be equal to lift in order to maintain balance at the vertical axis. Then, there is the thrust produced by the engine or engines which in this case is equal to drag or the resistance to advancing, generated by the interaction between the air and the vehicle in movement. At the same time, the resistance has a certain component derived from lift, which makes the balance of an airplane a case for study. For this purpose it is necessary fully to understand each one of these forces.
Lift and drag are considered aerodynamic forces because they are produced by the passing of the airplane through the air mass and, even though the thrust may be generated by means that are characteristically aerodynamic or aerothermodynamic, it is not considered an aerodynamic force belonging to the geometry of the aircraft.
III. Aerodynamic Drag
The aerodynamic drag in an airplane may be derived from the tangential actions of fluid reactions on the external skin, called friction drag, and from the pressure component of the asymptotic velocity resulting from the actions produced over the body, called pressure drag. This at the same time is divided in stream drag, wave drag, and induced drag; the latter caused by the vortices emerging from the tips of the wing, and is a function of the lift. 3 The sum of the friction drag, the stream drag, and the wave drag is called profile drag, which is not related to lift.
In conclusion, as shown in Eq. (1) 4 drag is the sum of the profile drag and the induced drag
These forces may be converted to dimensionless when multiplied by 2/AρV 2 , A being a reference area which in this case is the wing surface. In this way the Eq. (2) is obtained.
The induced drag coefficient for a straight wing may be calculated Eq. (3), 5, 6 This shows the relation that the induced drag has with the wing aspect ratio, the lift coefficient and the twists of the wing.
It is quite difficult to calculate exactly the profile drag due to the complex forms of aircrafts, the multiple components they have and the different flow conditions to which they are subjected. The best option in most cases is the aerodynamic testing in wind tunnels. This provides a great deal of information on aerodynamic performance in relatively short time periods, in comparison with the computational fluid dynamic methods. 7 However, these tests involve energy and equipment maintenance costs which make them very expensive in most cases. Therefore, the theoretical estimate of an aircraft drag, although inaccurate, is a good approximation in initial cases, and even more when dealing with aircraft of geometric characteristics and flow conditions similar to other existing models.
IV. Aerodynamic Optimization Process
The aerodynamic optimization process consisted in improving efficiency as far as possible through drag diminishing. For this purpose, the drag coefficient and the lift coefficient of the original design was determined by theoretical and experimental means, which will be explained later.
Following an extensive bibliographical review, it was determined that for subsonic aircraft the viscid drag must be diminished (in the subsonic case, equal to the profile drag) by controlling the laminar flow and the drag due to lift.
In order to reduce the viscous drag it is necessary to make emphasis on some aspects of the airplane, such as the installation of the propulsion plant, air escape, installation of the landing gear, installation of antenna and other external devices. 9 With respect to the airplane's powerplant, no changes were made in it. It is cooled with air, and has its air inlet and, air exhaust at each side of its pistons. The careless placement of fairings might cause overheating, exhaustion or, the stagnation of gasses produced by combustion. It remained with its pistons, air inlet and, air exhaust, subject to the free stream of air. The recommendation in Ref. 9 was followed and, an elongated conical form spinner was placed.
In order to reduce the drag produced by the landing gear it is covered with fairings. The supports are covered with fairings with a section formed by NACA 0015 airfoil, and the upper portion of the pneumatic tires with a section each one in the form of a drop.
With respect to the observation camera that is located in the lower part of the fuselage, it must have a 360 degrees visibility, making it impossible to place fairings around it. The antennae are located inside the fuselage under the main cargo door, and they cause no problem with regard to the drag.
After making these modifications this model was called X-2, and the previous one X-1. In Fig. 2 ; both models are shown from port side view in a comparative way.
The reduction of the induced drag has been a topic for study, and a great variety of mechanisms have been created to reduce it. 8 However, in the case of ANCE the best option is that suggested in Ref. 5 , which consists in making a rectangular wing to have the same efficiency of an elliptic wing by means of a simple geometric and/or aerodynamic twist. One of its principal advantages is its simple construction, which does not significantly increase the weight, nor adds relevant aerodynamic loads to the wing structure.
The optimum twist angle may be estimated by means of Eq. (4), 6 giving as a result 7.38 degrees of twist with respect to the mean aerodynamic chord.
To apply this to the ANCE wing design, it was decided to add only aerodynamic twist, using the same airfoil of the wing at the tip, but with flap up at 80% of the chord. This was made to avoid modifications in the projected airplane structure, 2 due to the fact that the wing rear spar is located at 80% of the chord. The twist only covers stations 2.32 to 2.4 m of the midspan, thus avoiding a large variation in the total lift coefficient.
In order to determine its lift coefficient, at an angle of attack equal to the optimum twist angle necessary to reduce the induced drag, the airfoil section was tested at the same Reynolds number of flight of the airplane (Re = 1388022), using the 4.1 version of the airfoil analysis computational code VisualFoil. 10 This is a numerical tool used to compute the lift coefficient, the drag coefficient, and the moment coefficient for NACA airfoil sections of four and five digits, and its analysis is based on the vortex panel method for an ideal incompressible flow.
Then the airfoil with flap at 80% of the chord was tested, until determining one that had the same lift coefficient as that resulting from the simple profile at Ω opt . The resulting flap deflection is 13.8 degrees upwards.
The modified design with the modified wing tips, beside the modifications of model X-2, was called X-3, and Fig. 2 shows in port side view, in comparison with the other models. Figure 3 shows the wing tip three-dimensional detail. Both design modifications were evaluated using theoretical and experimental ways.
V. Theoretical Estimation of the Aerodynamic Drag
In order to make an appropriate theoretical calculation of the aerodynamic drag, it is necessary to analyze its causes. All the components of the airplane generate drag when tested separately, and the sum of these, plus the drag caused by the interaction between components is the total drag.
In the case of the airplane under study, it may be said that the drag produced by the fuselage, the wing, the horizontal and vertical stabilizers, plus the drag produced by secondary components, such as those of the landing gear, the observation camera, and the engine radiator, and the drag produced by interaction, generate the total drag of the airplane. The factors involved in the estimation of the drag coefficient of the airplane may be observed in Eq. (5) .
The fuselage drag coefficient is calculated using Eq. (6), which is an approximation of experimental results realized at high Reynolds numbers.
In the particular case where the fuselage is not of circular section, the frontal diameter average of the fuselage is equal to 2π
. The reference area of the calculated coefficient is the frontal area, which is the reason why the drag coefficient obtained must be multiplied by the expression 4 -1 π d f 2 S w -1 to be used in the Eq. (5). The drag coefficient of the wing corresponds to Eq. (7); this is only valid when the airplane is on level flight where the lift generated by the vertical and horizontal stabilizers is insignificant, and all the induced drag is produced by the wing.
The profile drag coefficient of the wing and other surfaces, such as the horizontal and vertical stabilizers, produced when the lift from these is zero, is estimated by adding the pressure drag coefficient produced by friction on the surface and the pressure drag coefficient produced by the airfoil, as may be seen on Eq. (8).
The estimated friction coefficient is equal to 1.33/Re 0.5 for laminar regime, 13 and 0.455/(log 10 Re) 2.58 for the turbulent regime. 14 The drag due to interaction is the result of the mutual interaction between the boundary layer of a surface and that of the body in contact with this surface. According to previous studies, the drag produced by two adhered bodies is far greater than the drag of these two bodies separately, inclusive from 30 to 55% of the smaller body drag. 13 The interaction drag is supposed to be a function of the thickness of the boundary layer on the contact walls and may be estimated for the joints between walls and airfoil sections by means of the reference areas of the mentioned surfaces, and the maximum thickness and chord of the airfoil section, as shown in Eq. (9).
11,12
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In the calculation of the interaction drag coefficient are involved, as may be seen from Eq. (10), the drag coefficients due to interaction wing -fuselage, horizontal stabilizer -vertical stabilizers, and secondary components -fuselage. The first two cases may be calculated by means of Eq. (9), because it involves airfoils sections and walls, but in the case of secondary components, which consists of the adherence of bodies it is convenient to follow the recommendation of Ref. 13 , and suppose that it is 30% higher than the drag coefficient of each secondary component.
( )
However, according to previous experimental studies, 15 the induced drag between walls and airfoils, such as the one existing between the wing and the fuselage, varies depending on the relative vertical position of the wing with respect to the fuselage.
VI. Theoretical and Numerical Estimation of Lift Coefficient
For this investigation, the lift coefficient estimate was made by means of the Prandtl's Lift Line Theory, 16 which is quite effective for calculating the lift distribution and lift coefficient in rectangular wings with no swept or dihedral.
For this purpose a numerical code was created and programmed to obtain the lift coefficient at different angles of attack, and at different Reynolds numbers. In the program, the solution for the equation for the spanwise lift distribution is obtained using a Fourier's series, based on the method developed by Glauert and Lotz, 17 and the global lift coefficient is calculated by simple integration. The program is capable of printing the lift coefficient, the lift line slope, and to plot the lift distribution curve knowing only the wingspan, the root chord, the tip chord, the geometric and aerodynamic twist, the airfoil section lift slope of each station for a determined Reynolds number, and the number of spanwise stations.
The slope of the lift curve is obtained by means of the ratio cl/a, using data obtained through a computer code for airfoil analysis, VisualFoil, 10 at Reynolds flight number from 18 to -15 degrees with respect to the mean aerodynamic chord..
VII. Wind -Tunnel Testing
Following the theoretical study of the lift coefficients and drag coefficient of each design modification it is necessary to carry out aerodynamic tests in the wind tunnel.
The experiments were carried out between December 2003 and March 2005, using only one wind tunnel, model Rollab SWT -009, located within the facilities of the aeronautical engineering laboratory of the UNEFA, in Maracay, Venezuela. The wind tunnel is a closed -circuit, closed throat, and unpressurized facility. It has a square test section of 0.32 m x 0.32 m with transparent walls, and it was specially designed to test wings and small threedimensional models at low speeds.
The normal testing range is for airflow speed from 14 to 47 m/s, and it is determined by means of the pressure differences between the test section and the downwash section. The wind tunnel has a three component TEM balance capable of measuring lift, drag and moment.
The model support mechanism is capable of an angle of attack from 40 to -40 degrees, although these may vary depending on the support being used. The models are fastened from below the test section on three struts. Depending on the type of the model to be tested, it is usual to use extensions on these supports in order to avoid the least interference between the supports and the model.
For the present study, a calibration of the tunnel was carried out before each run, in order to guarantee the accuracy of the scale, the aerodynamic alignment angle, and the turbulence factor, which resulted in 1.38.
For this purpose a rectangular wing of 0.254 m span and 0.052 m of chord, formed by NACA 0015 airfoil section was used. The symmetric characteristic of the airfoil section facilitates the obtainment of the aerodynamic alignment angle.
The wing was tested in each run from 16 to -16 degrees, at different velocities in order to obtain lectures at different Reynolds number values. After due considerations to the fact that this was a straight wing, 18 the obtained results were compared with those presented in the literature, 19, 20 showing discrepancies with the stall region values reported in Ref. 20 , but not with those reported in Ref. 19 .
Based on the blueprints for model X-1, a fiberglass, reinforced with polyester resin wind tunnel model was constructed, and painted in black. The test section size limited the scale, permitting a maximum wingspan of 0.256 m, which gave a scale of 1:20.2 for the models to be tested. The airfoil section used on the wing of the model is NACA 4415, and the one used for the tail surface is NACA 0009 section, according to the design. The second scale model, based on the blueprints of model X-2, was made with the negatives and same materials as scale test model X-1, to which in the landing gear and spinner modifications were incorporated. Figures 4 and 5 show photographs of the wind tunnel models X-1 and X-2, respectively. The dimensions of the two models are shown in table 1, being compared with those of the full scale airplane.
Each model was tested held in an upside down position, at different angles of attack and at several speeds in order to obtain data at different Reynolds numbers. Buoyancy, blockage, and tare-and-interferences corrections were applied. See Ref. 21 for a more complete discussion.
VIII. Results and Discussion
A. Theoretical Analysis and Numerical Simulation
Before begin the theoretical calculations of the drag coefficient generated by models X-1, X-2, and X-3, the calculation of the wing lift coefficient was carried out. For models X-1 and X-2 the wing is identical, while the wing on model X-3 has a small variation at the tip. The deflection at the wing tip was made applying aerodynamic twist between stations 2.32 and 2.4 (measured in meters) of the midspan, and for this it was necessary to altered the original program code. In the case of the untwisted wing a data convergence of 10 -6 was achieved, while for the twisted wing was about 10 -4 , using a one hundred and one stations in both cases. The input parameters are shown in table 2 and the results in Fig. 6 and table 3 . Having the lift coefficient of the two proposed wings, it was possible to calculate the induced drag coefficient at each angle of attack using Eq. (3).
Then the drag coefficient of each aircraft component was estimated using Eqs. (6) to (10) , and the global drag coefficient by using Eq. (5). The results corresponding to the three models are shown on table 4, for an angle of attack equal to zero with respect to the fuselage, the drag coefficient as a function of angle of attack for the three models are shown in Fig. 7 , and the polar of the three models is plotted in Fig. 8 . In this, the efficiency increase of model X-3 with respect to model X-2 and of the latter with respect to X-1 can be appreciated. The global drag coefficient variation, from model X-1 with respect to model X-3, is significant. The results show a drag decrease of 13.8% with respect to X-2, and of 16.6% with respect to X-3. The landing gear modifications generated 83.1% of the drag coefficient variation, and the 16.9% to the decrease of the induced drag.
B. Wind Tunnel Testing
Based on all results obtained in the wing tunnel tests, the values of the uncertainties related with the final results were calculated. For this purpose the possible variables that may interfere in final results were analyzed. The airflow temperature, pressure differences, lift and drag variations were taken into consideration. Table 5 shows the average deviation and standard deviation for lift coefficient, drag coefficient, and airflow speed.
The results obtained for the X-1 design tested model are summarized in table 6 for lift coefficient, and in table 7 for drag coefficient. On both, the angle of attack and the Reynolds numbers with respect to the wing and the fuselage are reported. Figures 9, 10 , and 11 show the lift coefficient curve, the drag coefficient curve, both as a function of angle of attack, and the polar curve for each Reynolds number obtained, respectively. Tables 8 and 9 show the resultant data from the wing tunnel tests for lift coefficient and drag coefficient at different angles of attack, and the Reynolds numbers for the ANCE X-2 wind tunnel model. Figures 12, 13 , and 14 show the lift coefficient curve and the drag coefficient curve as a function of angle of attack, and the polar curve for each Reynolds number obtained, respectively. Figures 15 and 16 show the lift coefficient curves as a function of Reynolds number for several angles of attack of the models X-1 and X-2 respectively. For all the angles of attack these curves present a depression Re w between 8.4x10 4 and 8.7x10 4 , and they have a similar behavior. For some major angles of attack the lift coefficient presents a negative slope at the end of the curve. Figures 17 and 18 show the drag coefficient curves as a function of Reynolds number for several angles of attack. In these, a trend similar to rounded bodies can be observed, the curves fall progressively until reaching their lowest points Re f between 4.2x10 5 and 4.4x10 5 , a slight increase and, finally, a slight negative slope. This represents the transition from laminar to turbulent flow condition, very usual in Reynold numbers similar to those studied. At low angles of attack the lifting surfaces produce low lift values. At high angles of attack the slopes following the depressions tend to be more pronounced than those observed at angles of attack close to zero.
C. Scale Effects Conversion
Due to the fact that the tests were not carried out at the flight Reynolds number, it is necessary to apply the scale effects correction. For this purpose the data obtained at the wind tunnel for both test models, at the highest Reynolds number, were used. With these the procedure described in Ref. 21 for the correction of scale effects over the drag coefficient (extrapolation method), and over the lift coefficient curve (Jacob´s method) was carried out.
In order to correct the scale effects over the lift coefficient curve the results of Ref. 19 were considered, where the slope of the lift curve of the NACA 4415 airfoil section is different for Reynolds numbers similar to those of these study with respect to those of flight. In the curves shown in Fig. 9 and 12 the zero lift angle approximately coincides with those shown in Ref 19 together with the slope of the lift curve which would result for a finite rectangular wing. 20 Although Ref. 19 does not offer details of the behavior of this airfoil for such low Reynolds numbers. It may be observed that for Re higher than 8.3x10 4 , the slope of the lift curve is equal to the corresponding 1.26x10 6 , only for low lift coefficients. In order to extrapolate the lift coefficient curve, the slope of the lift curve corresponding to the X-2 model data, for Re w equal to 1.2x10 5 , with lift coefficients under 0.3 were taken. The maximum lift coefficient and the stall data were taken from the data obtained through the numerical simulation of the wing.
The data obtained from the wind tunnel tests with ANCE X-2 scale test model were used for determine the features of the X-3 version. The only difference between both versions is the wing tip twist, which does not affect the slope of the lift curve, as revealed by the numerical study which was carried out. However, there is a lift coefficient variation between the original wing and the twisted wing equal to 0.0094. Thus, in order to determine the lift curve of the ANCE X-3 in flight, the same slope of the lift curve of the X-2 version was taken, and each C L obtained was diminished in 0.0094. The maximum lift coefficient and the stall data were taken from the numerical study.
The drag coefficient curve of the ANCE X-3 was plotted by means of a variation on the extrapolation method, adding the profile drag coefficient of the wing tunnel model ANCE X-2, the induced drag coefficient calculated with the X-3 model lift coefficient. Figures 19 and 20 show the lift coefficient and the drag coefficient as a function of angle of attack for models ANCE X-1, X-2, and X-3. Figure 21 shows the polar curve of the three versions of the design. From this, the increase of optimum efficiency and the cruise flight efficiency of the X-3 model with respect to X-2, and the latter with respect to the X-1, can be appreciated. Table 10 shows the comparison of the drag coefficient obtained with the wind tunnel testing data for cruise flight. These results reveal that the improvement applied in the landing gear yield a ∆C D of -0.0028 (73.7% of ∆C D ), and the twists applied to the wing a ∆C D of -0.001 (26.1% of ∆C D ). Between both the total drag coefficient variation is of -0.0038. This means a decrease in the drag coefficient of 7.98% with respect to the initial one. Table 10 also shows the aerodynamic efficiency for each version of the ANCE. X-2 model resulted to be 5.88% more efficient than X-1, and X-3 model, 6.49%.
IX. Conclusion
A detailed theoretical analysis of aerodynamic resistance, a wide range of wind tunnel tests on scale models, and a numerical code based on Prandtl's Lift Line Theory, were fundamental tools in the ANCE aerodynamic drag cleanup process. The modifications made on the landing gear, and the variation in local wing tip twist resulted in an efficiency increase when applied to the ANCE design. These modifications produced a total efficiency increase of 16.6% when estimated by the theoretical method, and 6.49% based on experiment results, and a drag decrease of 0.0087 theoretically calculated, and of 0.0038 experimentally obtained.
Although the theoretical analysis is a good start for this type of studies, and its results show the approximate performance of an aircraft in flight, this is not reliable due to the difference between the theoretical calculated data, and the experimental data, obtained from wind tunnel testing.
The aerodynamic data generated at UNEFA facilities has been used to feed the database for the ANCE vehicle. This database will be used to estimate the performance, and flight capacities of the airplane. 
